Introduction
In medical practice, in the development of new drugs and in skin testing procedures it is important to determine the degree of vasodilatation (relaxation of the blood vessels causing increased blood perfusion) or vasoconstriction (narrowing of the blood vessels causing reduced blood perfusion) in the microcirculation in the resting state, after mechanical or other external stimuli or in response to application of a vasoactive drug either directly to the skin or administrated by other routes. This ability of the tissue to react physiologically to internal or external stimuli is a measure of its viability. Although the reddening of the skin that reflects the reaction of the microvascular network generally can be seen by the naked eye, more objective methods are frequently used in the medical setup. Laser Doppler perfusion imaging [1] is a medical technology that by sequentially scanning the tissue surface of interest, gives a quantitative measure, in two dimensions, of the increase in blood perfusion and thus information about the effect on the microvasculature under study. Alternatively, a laser Doppler perfusion monitor may be used for monitoring the tissue blood perfusion at a single spot [2] . Laser Doppler technologies have successfully been used in association with iontophoresis, a method by which a drug or vasoactive agent can be non-invasively introduced into the skin. Using the combined setup of iontophoresis and laser Doppler perfusion imaging, several critical parameters of iontophoresis, including current strength, effect of inflammatory processes, and vasoactive drug dosage have been studied and optimized [3] . In clinical settings, this combined technology of iontophoresis and laser Doppler perfusion imaging has been used in studies of the response to transepidermally applied vasoactive drugs in patients with diabetes [4] and in patients with Alzheimer's disease [5] .
Laser Doppler perfusion imaging (and monitoring) is, however, a technology not very well suited for applications in primary care or in the office of the general practitioner, because of high cost and to some extent cumbersome handling and image interpretation. Additionally, laser Doppler perfusion imaging (and monitoring) generates a representation of the tissue blood perfusion rather than of the state of the vasodilatation or vasoconstriction of the microvascular bed as a response to the vaso-active agent and there are time resolution limitations because of the mechanical scanner required.
A companion technology entitled orthogonal polarization spectroscopy using a selected illumination band of wavelengths has been used in microscopes in an attempt to visualize the detailed architecture of the smallest vessels of the microcirculation [6] . The high degree of magnification required, however, inevitably creates relative movement artefacts between the microscope and the object. Besides, the end result is at the best a structural image of the minute vessels in a small area and gives no direct information about the average vasodilatation of a more extensive skin site.
Although, we have detailed knowledge of microvasculare processes in the skin and the ways in which vascular diseases affect both the skin and the whole body, our use of this knowledge in clinical practice is limited by practical problems with the above mentioned technologies. There is a need for a complementary technology, that can be applied for example in diabetes clinics and primary care, at low costs, to identify the patients at risk of acquiring more profound complications from diseases known to cause impaired circulation. Even the more traditional applications such as drug development, skin care product testing and cost-effective assessment of agents with a potential to irritate the skin would benefit by technologies more easy to apply and handle in the laboratory and clinic. This paper describes a novel tissue viability imaging technology that has the ability to "see through" the surface of the skin and collect information about microvascular events of the dermal structures using polarized light. Spectroscopic information about the RBC concentration in the microcirculation is attained by applying a dedicated image-processing algorithm to the photo transferred from the imaging device to a computer.
Theory and method

Theory
Linearly polarized light in the visible region is partly reflected directly by the skin surface and partly diffusely scattered in the dermal tissue matrix. Most of the directly reflected light preserves its state of polarization, while the light being diffusely scattered in the tissue successively looses its linear polarization state and becomes depolarized [7] . A portion of the scattered light emerges through the skin surface as diffusely backscattered light. Consequently, the total amount of backscattered light consists of one linearly polarized portion being reflected directly from the skin surface or superficial structures and one portion with random polarization as a consequence of the multiple scattering processes in the tissue matrix. The depth at which the incident linearly polarized light has become almost completely randomly polarized is typically in the order of 300 µm, i.e., well into the reticular dermis in most skin sites. In this tissue compartment, light is diffusely scattered and absorbed by the RBCs and by other tissue constituents. Since both the incident and the re-emitted light passes through the epidermal layer, melanin will act as absorption filter and thereby modulate the total amount of back-scattered light.
The RBCs in the microcirculatory network of the skin strongly absorb light in the green (approximately 500-600 nm) wavelength region, while light in the red (approximately 600-700 nm) wavelength region is comparatively less absorbed. Furthermore, there is a slight difference in light absorption in the red and near infrared region depending on the oxygen saturation state of the RBC. Typical values of the absorption coefficients of the most important chromophores in a skin tissue within the two wavelength intervals are listed in Table 1 (data from Ref. 8). Table 1 . Average absorption m a and scattering m s coefficients in cm -1 for various components in human skin.
Component
Red (600-700 nm) Green (500-600 nm) Since the light absorption of the static tissue components in dermis is smaller and less dependent on a wavelength than the light absorption in RBCs, visible light spectroscopy can be used for the in-vivo evaluation of the RBC concentration and the associated tissue viability.
The wavelength-dependent intensity I per of the backscattered light with a polarization direction perpendicular to that of the incident white light I o can be described by the equation [7] .
where T epid represents the transmission properties of the melanin layer in the epidermis and R d represents the diffusely reflected light in the reticular dermis. R d depends primarily on the wavelength-dependent absorption of light in the RBCs and thus on amount of blood in the dermal microvasculature and can, according to the Kubelka-Munk theory, be described by
where
and RBC f being the fraction of RBCs that occupies the tissue volume, µ aRBC (l) the absorption coefficient of the RBC and µ aTissue (l) the absorption coefficient of a dermal tissue. By analyzing I per (l) in the red and green wavelength bands, alterations in a tissue blood concentration can be estimated by the use of the algorithm 
By calculating the difference of the backscattered and depolarized light in the red and green wavelength interval and dividing this difference with the total intensity of the backscattered and polarized light at the two wavelength intervals, the spectroscopic information can be probed, while at the same time the collected information is made independent of the overall light intensity.
If the amount of melanin in the epidermal layer is low (in addition to the fact that the epidermal layer is thin), T mel will be close to unity for all wavelengths and Eq. (5) can be approximated by
Method
Light from a white light source, the flash of a camera, passes through a polarization filter thereby making the light linearly polarized (Fig. 1 ).
When this light impinges on the tissue, a portion is reflected directly from the surface due to differences in the refractive indexes of air and tissue. This fraction of the backscattered light is scattered only once and preserves its polarization state. Another part of the impinging light penetrates the skin surface and suffers multiple scattering events as the individual photons migrate through the tissue matrix. Due to these successive scattering events, the light becomes depolarized. Part of the migrating photons is absorbed in the tissue while other photons return to the tissue surface and are re-emitted into the air. When the backscattered light of mixed polarization states reaches the camera, the photons backscattered from the surface are blocked by a second polarization filter positioned in front of the objective of the camera, provided this filter has a polarization direction perpendicular to that of the filter in front of the flash. This implies that essentially only light that has been interacting with a dermal tissue including its RBCs will reach the CCD-array in the camera.
Image processing
The captured photo is transmitted to a computer where image processing is performed by the use of MATLAB 7.0 (MathWorks Inc.). In the first step, colour separation is performed by splitting up the captured photo into its three basic colour matrixes (M M 
to all values of the individual colour matrixes, a new matrix M output is formed, the values of which are postulated to scale linearly with RBC f associated with the actual pixel. The matrix M output is presented as a two-dimensional pseudo-colour tissue RBC f map.
Instrumentation
A standard digital camera (Canon IXUS 500) equipped with polarization filters with perpendicular polarization planes in front of the flash and objective respectively is used to capture the photos. The distance between the camera and the skin surface is 5-10 cm. The camera is connected by means of a USB cable to the computer, from which all parameters of the camera can be controlled. When recording a sequence of photos, the time interval between two successive photos and the total number of photos in the sequence is the first set. During the capturing process, all photos are automatically downloaded to a folder specified by the accompanying software. Analysis software based on MATLAB 7.0 was designed that controls the selection of a sequence of photos for analysis, image processing in accordance with Eq. 7, and for display of the captured photos. The associated calculated tissue viability images display the state of the microcirculation, through a versatile user interface. The software also includes tools for creating a movie on the basis of the calculated tissue viability images, thereby making it possible to compress and replay the dynamic changes in tissue viability that happen over several minutes, to a time period of a few seconds. In addition, the software includes routines for displaying average values of the tissue viability and its statistics in a single window. Integrated Wizards guide the user through the image processing procedure. Fig. 1 . Backscattering of linearly polarized light in the skin surface (remains linearly polarized and is blocked by the second polarizing filter) and in the deeper skin structures (becomes randomly polarized and passes through the second polarizing filter).
Evaluation 3.1. .luid model
The overall performance of the system and the predictability of the particular algorithm chosen were evaluated by the way of a tubing model resembling tissue with a different RBC concentration. A latex tubing (Portex® o.d. 1.8 mm, i.d. 0.8 mm) was attached in a back-and-fourth parallel winding to a solid background material that scatters light in a diffuse way similar to bloodless skin tissue. By fabricating this material in different colours, the influence of different absorption coefficients of the skin tissue on the values of the generated M output could be investigated. Different levels of RBC f in the model were obtained by filling the latex tubing with RBCs diluted in saline to different degrees using a syringe. Careful stirring of the RBC/saline mixture and exposure to ambient air guaranteed a well-defined oxygen saturation of the RBCs. RBC concentrations in the range from 0 to 4% in the steps of 0.2% were used. After capturing images at a distance of about 10 cm, these images were downloaded to the computer and cropped to a size comprising only the tubing area. After applying the algorithm in Eq. (7) to different colour matrices of the photos, the average value [TiVi-index] of M output was calculated for each image. The relationship between this quantity and the true RBC f for the three representative background colours is displayed in Fig. 2 .
The parallel translocation of the individual relationships between TiVi-index and RBC f reflects the influence of the absorption coefficient on the background material while the virtually unaffected slope of the individual relationships demonstrates the influence of changes in the equivalent absorption coefficients caused by an increased amount of RBCs in the model.
In-vivo evaluation
In the second evaluation trial, the system was tested in an in-vivo situation. A circular iontophoresis electrode (i.d. 15 mm, height 3 mm) was attached to forearm skin of healthy young volunteers. The well formed by the electrode and the skin surface was filled with acetylcholine (10 mg/ml) diluted in saline. After filling the electrode well with the solution, the top of the electrode was covered with a thin and totally transparent glass sheet. By feeding a pulsed current (0.02 mA) through the electrode system, the positively charged acetylcholine molecules could be induced to diffuse through the top layer of the skin and reach the receptors in the microvascular network. Combining with the receptors, the acetylcholine molecules caused the blood vessels to dilate and produce a general increase in a tissue blood concentration. During this procedure, lasting about ten minutes, photos were captured every five seconds and stored in the computer.
The associated tissue viability images prior to and following the introduction of acetylcholine into the tissue are displayed in Fig. 3 . In the tissue viability image, recorded before starting the iontophoresis procedure, the tissue RBC concentration is low as indicated by the blue colour inside the electrode area. In the image recorded ten minutes later, the increased RBC concentration is represented by yellow and red colours. According to this image, the vasodilatation map demonstrates spatial heterogeneity, indicating that different parts of the microvascular network react to different degrees.
Discussion
In this paper a novel tissue viability imaging technology is presented, which by the use of filters with orthogonal polarization directions possesses the ability to "see through" the top layer of the skin to spectroscopically probe the underlying dermis for the presence or absence of RBCs in the skin microvasculature. The differential and normalization characteristics of the algorithm estimating TiVi-index according to Eq. (7) render the result virtually independent of light intensity. The "white" spectral signature of the light source is, however, important for the overall result.
In an in-vivo evaluation of the technology, iontophoresis of acetylcholine was used to produce vasodilatation in forearm skin. By successively recording images during this procedure, a movie could be compiled that allowed rapid evaluation of the spatially heterogeneous vasodilatation process of the microvascular bed. In contrast to what is the case with laser Doppler perfusion imaging, the tissue viability imaging technology presented in this paper is insensitive to movement of the tissue. Further it captures a full image instantaneously, thereby avoiding misinterpretation of temporal variability as spatial heterogeneity in the tissue RBC concentration. With the present setup, a new image can be captured every 5 second. Following occlusion of the blood flow to a limb, the TiVi-index is not approaching zero in the same way as the perfusion value recorded by laser Doppler perfusion imaging does, because the tissue viability imager is sensitive only to the RBC concentration and not to the RBC velocity movement. The post-ischemic reactive hyperaemia, however, results in microvascular bed vasodilatation and consequently an increase in TiVi-index.
Conclusions
The operating principle of a novel tissue viability imager that allows for determination of tissue viability in terms of RBC concentration has been reported in this paper. Fluid model evaluation confirms the performance of the image algorithm utilized. The non-invasive nature of the measurement procedure makes the technology useful in a variety of regulatory, research and product development situations as well as in clinical settings.
